Introduction
Apusomonads are a group of heterotrophic protists that branch deeply in the eukaryotic tree. Less than a dozen cultured species are available; they encompass flagellates that glide on surfaces likely powered by their posterior flagellum and graze on bacteria using protruding ventral pseudopodia (Heiss et al. 2015) . Phylogenetic analyses using multiple markers retrieved from the few apusomonad genomic and transcriptomic data available place them as sister to the opisthokonts (Brown et al. 2013 , Cavalier-Smith et al. 2014 , Paps et al. 2013 , Torruella et al. 2012 , one of the few recognized eukaryotic supergroups (together with Amoebozoa, Excavata, Archaeplastida, and SAR -Stramenopiles-Alveolata-Rhizaria) including, among others, animals, and fungi. Apusomonads also possess genes known to be involved in animal multicellularity (e.g., Sebe-Pedros et al. 2010) . Their study might therefore reveal important clues to understand early evolutionary transitions in eukaryotes.
Despite their evolutionary interest, their diversity, biology, and ecology remain very poorly known and their classification obscured by certain confusion. First grouped as Apusomonadida based on morphology and ultrastructure (Karpov and Mylnikov 1989) , early 18S rRNA phylogenetic analyses already suggested an evolutionary relationship with opisthokonts (Cavalier-Smith and Chao 1995). Subsequent, though weakly supported, phylogenetic analyses pointed to a sisterhood of apusomonads with another group of biflagellates, the Ancyromonadida (Atkins et al. 2000) . Hence, they were all included in a newborn taxon Apusozoa (Cavalier-Smith and Chao 2003) together with other incertae sedis flagellates (Mantamonadida or Rigifilida) (Yabuki et al. 2013) . However, while some later studies still supported the Apusomonadida-Ancyromonadida sisterhood (Paps et al. 2013) , more recent phylogenomic analyses suggest that apusomonads and ancyromonads do not branch together and question the validity of Apusozoa as a monophyletic clade (Cavalier-Smith et al. 2014 , Torruella et al. 2015 . Unfortunately, public databases such as GenBank (http://www.ncbi.nlm.nih.gov/), SILVA (Yilmaz et al. 2014) or PR2 (Guillou et al. 2013) still include Apusozoa as a taxon. This can mislead ecological inferences derived from large-scale metabarcoding analyses, since seemingly distinct lineages are grouped under the same umbrella. Solving this problem requires extending the known diversity for former Apusozoa clades (better taxonomic sampling correlates with more resolved phylogenies) and acquiring specific information about the ecological preferences of each of these clades.
Apusomonad 18S rRNA gene sequences have been only sporadically detected in classical environmental studies, mostly from marine settings, especially deepsea sediments (L opez-Garc ıa et al. 2003 , Takishita et al. 2007 or oxic/anoxic interfaces in the water column (Orsi et al. 2012) , but also soil (Lesaulnier et al. 2008) . Deep-sea sediment sequences were particularly distantly related to sequences from cultured species, suggesting that the diversity of apusomonads might be undersampled. In recent comprehensive analyses including sequences from cultured species and environmental samples, a total of 16 OTUs (defined at 98% nucleotide identity) were unambiguously identified as apusomonads Chao 2010, Heiss et al. 2015) . Nonetheless, some recent metabarcoding analyses report marginal abundances for "Apusozoa," some of which might correspond to apusomonads (de Vargas et al. 2015 , Simon et al. 2015b , Steichen et al. 2014 , while recent analyses of coastal sediments reveal higher relative abundances of apusomonads . This, again, might indicate that this group of heterotrophic flagellates suffers from a biased representation in databases. This bias could result from different, non-mutually exclusive, causes, including primer bias (universal eukaryotic primers might amplify apusomonad sequences less efficiently), low abundance (not necessarily correlating with low diversity) or biased exploration of natural environments (protists from marine sediments or freshwater systems have been far less studied by molecular surveys than oceanic plankton).
Results and discussion
To contribute clarifying the phylogenetic diversity and ecological distribution of apusomonads, we carried out an extensive exploration of this group in a wide collection of environmental samples. To get a comprehensive reference sequence set for apusomonads, we first retrieved previously identified nearly complete 18S rRNA gene sequences Chao 2010, Heiss et al. 2015) and searched for additional apusomonad sequences in the GenBank's non-redundant database, including missannotated sequences. We identified several new environmental sequences in this way, representing 29 OTUs at a 98% nucleotide identity threshold ( Figure 1 ). Although some sequences were obtained from soil or groundwater-derived biofilms, most of them were retrieved from oxic/anoxic transition zones in the water column, deep-sea sediments, cold seeps or associated mats (Orsi et al. 2012 , Sauvadet et al. 2010 , Takishita et al. 2010 . We additionally identified 7 new OTUs in high-throughput environmental data (pyrosequences, PRJNA259710) from shallow, small freshwater ecosystems (Simon et al. 2015b ).
Taking into account this environmental information, we selected a collection of samples that was enriched in benthic and suboxic settings, and represented different ecosystems across wide-ranging salinity gradients, from freshwater to brackish, marine, and hypersaline systems (Table 1 and Supporting Information Table S1 ). Based on available sequences, we designed a specific primer for apusomonad 18S rRNA genes (APU-1R: 5 0 -CTTCCTTTGGTTAAAACAC-3 0 ) that we combined with one general eukaryotic primer (EK-42F: 5 0 -CTCAAR-GAYTAAGCCATGCA) to amplify a large portion of this marker gene from environmental samples. Amplicons were then cloned and fully sequenced (yielding 1350 bp, and up to 2200 bp for some 18S rRNA genes containing large insertions) in order to make more accurate phylogenetic analyses (Supporting Information Methods; GenBank accession numbers KY077689-KY077739).
Apusomonads were only detected in 18 out of more than 70 samples tested. As suspected, apusomonad sequences were mainly amplified from marine or freshwater sediments or associated biofilms, indicating a preference for low-oxygen environments or redox clines (Table 1) . Nonetheless, we were unable to amplify apusomonad sequences from several other, similar marine sediment samples (Supporting Information Table S1 ). This suggests that apusomonads tend to occur in very low abundance, which would explain the stochastic amplification success in sediment samples. This is consistent with low reported abundances in several environmental studies using general eukaryotic primers (Orsi et al. 2012 , Sauvadet et al. 2010 , Takishita et al. 2010 , although moderate abundances have been observed in some coastal sediments . In addition, we failed to amplify apusomonad sequences from the Black Sea anoxic water column as well as from lithifying and non-lithifying microbial mats from hot, acidic, alkaline or hypersaline settings (Supporting Information Table S1 ), suggesting that these kind of environments are excluded from their ecological preferences.
Despite their seemingly low prevalence, we detected a rather wide apusomonad diversity. We identified a total of 61 OTUs grouped in 30 clades, of different phylogenetic depth, that were well supported in different phylogenetic analyses (Figure 1 ; Supporting Information Figures S1-S3 and Table S2 ). From the 61 apusomonad OTUs identified, 36 were defined by environmental sequences deposited in GenBank and/or our new sequences (59% of apusomonad OTUs), and 27 contained sequences produced in this work (44%). This considerably extends the known diversity for the group. This diversity will be likely increased as sequences from 18S rRNA (V4/V9)-based metabarcoding datasets from various environments become increasingly available, and as is already observed with the inclusion of short apusomonad metabarcoding reads from coastal sediments in our 18S rDNA reference tree ( Figure S4 , Supporting Information). In this study, we decided to consider the clade APU-01 as the earliest divergent apusomonad lineage because, in our 18S rDNA phylogenetic analyses, it systematically branched as sister to the rest of apusomonad clades, albeit with moderate support, and far from other deep-branching protist lineages included in the outgroup (Fig. 1 and Fig.  S1 , Supporting Information). However, APU-01 might well correspond to a new, deep-branching protist lineage deserving exploration on its own. Among the rest of apusomonad clades, some are moderately fast-evolving, such as APU-02 and APU-17, from hydrothermal sediments, APU-10 (marine water), APU-20 (intertidal pond) or APU-21 (freshwater samples). However, APU-29 and, especially, APU-30 (Thecamonas-Chelonemonas clade, likely corresponding to the Thecamonadinae; Heiss et al. 2015) are very fast-evolving compared to the rest of apusomonads. The reasons for this acceleration of evolutionary rate are unclear, since the cultured species of this clade correspond to free-living protists that thrive in similar environments to the rest of apusomonads.
Regarding the ecological distribution of apusomonads, while some OTUs and clades appear consistently marine (e.g., APU-11, APU-24, APU-28, APU-30), and others typical of freshwater or freshwater/soil habitats (APU-04, APU-08, APU-21, APU-27), several clades and even OTUs encompass sequences of both, marine and freshwater, origin (e.g., APU-03, APU-13-15). The most extreme case corresponds to APU-09, which we tentatively and informally name "Ubiquimonas," a single OTU that is present in soil, freshwater, and marine sediments, including cold seep and hydrothermal sediments, from different oceanic regions (Figure 1 ).
Our study shows that the use of group-specific primers is extremely valuable to unravel the diversity and ecological distribution of low-abundant protist lineages, as has been shown in the past for other clades such as cercozoans (Bass and Cavalier-Smith 2004) , marine diplonemids (Lara et al. 2009 ) or freshwater haptophytes (Simon et al. 2013) . Apusomonads are indeed a relatively diverse group of low-abundant dwellers in marine and freshwater sediments. They thus belong to the so-called "rare biosphere," a reservoir of underexplored phylogenetic diversity and poorly evaluated ecological importance .
Apusomonads are more frequently detected in freshwater, cold seep, and hydrothermal sediments ( Table 1 ), suggesting that they are particularly well-adapted to microaerophilic conditions in areas of increased primary productivity and/or rich in organic matter. In general, apusomonads are detected in biotopes representing a wide range of salinities, from freshwater to hypersaline conditions. Moreover, some apusomonads seem to be truly euryhaline, occurring in marine and freshwater environments indistinctly. They thus add to the increasing number of protist groups that can easily cross the marine-freshwater barrier (Simon et al. 2015a) , questioning previous ideas that such transitions are rare (Logares et al. 2009 ). Retrieving in culture representatives of euryhaline OTUs, such as "Ubiquimonas," would allow exploring the molecular adaptations underlying that ecological flexibility.
Cultured species of apusomonads are able to grow under atmospheric oxygen concentrations (Heiss et al. 2015) , some species (e.g., Thecamonas trahens) harbor standard mitochondria based on genome data ) and a marginal fraction of "apusozoan" sequences have been identified in the oxygenated seawater column (L opez-Garc ıa et al. 2003 , Takishita et al. 2007 de Vargas et al. 2015) . However, the preferred environmental distribution of apusomonads also suggests an adaptation to oxic/anoxic transition zones and oxygen-depleted environments (Table 1) (L opez-Garc ıa et al. 2003 , Orsi et al. 2012 , Sauvadet et al. 2010 , Simon et al. 2015b , Takishita et al. 2007 , Takishita et al. 2010 . Many apusomonads might thus be aerobic protists adapted to low oxygen partial pressures. Nonetheless, the identification of some apusomonads in anoxic samples, such as cold seeps and associated Beggiatoa-like mats (Table 1 ) might also suggest that some of them are (facultative) anaerobes. It would be thus interesting to elucidate whether some apusomonads have modified mitochondria, similar to other deepbranching eukaryotes, for example, breviates (Stairs et al. 2014) , sharing the same kind of biotopes. Likewise, obtaining genomic/transcriptomic data from the newly identified lineages (from cultures or single cells) will be important for phylogenomic analyses tending to resolve the deepest areas of the eukaryotic tree (Burki 2014) and to elucidate whether the last common eukaryotic ancestor had already some potential for multicellularity. Interestingly, early-branching eukaryotic lineages (e.g., apusomonads, breviates, ancyromonads) seem to be prevalent in oxygen-depleted environments. Therefore, extending studies on the phylogenetic diversity, biology, and ecology of these rare and poorly known ancient groups may not only help reconstructing the early history of eukaryotes but also better constraining the environmental conditions where the first eukaryotes evolved.
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